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INTRODUCTION 

Because hydrogenat ion  o f  c o a l  t o  l i q u i d  p roduc t s  ( o i l s )  i s  
accompanied by d i s t r i b u t i o n s  o f  complex by-product m i x t u r e s  ( I O M ,  
p r e a s p h a l t e n e s ,  a s p h a l t e n e s  and g a s e s )  which change as a f u n c t i o n  of  
r e a c t i o n  v a r i a b l e s  ( t i m e ,  t empera tu re  and p r e s s u r e )  and r e a c t o r  con- 
f i g u r a t i o n ,  t h e  de t e rmina t ion  o f  s e l e c t i v i t y  r e l a t i o n s h i p s  f o r  coal 
l i q u e f a c t i o n  c a t a l y s t s  h a s  been a d i f f i c u l t  and time-consuming t a s k  
i n v o l v i n g  numerous exper iments  t o  adequa te ly  d e s c r i b e  c a t a l y s t  pe r -  
formance ove r  a range  of c o n d i t i o n s .  This  paper  d e s c r i b e s  a method 
f o r  ana lyz ing  t h e  expe r imen ta l  r e s u l t s  o f  c o a l  l i q u e f a c t i o n  r e a c t i o n s  
which may be  a p p l i e d  t o  a number of a s p e c t s  of c o a l  l i q u e f a c t i o n  
r e s e a r c h  and p r o c e s s  c o n t r o l ,  i n c l u d i n g :  r a p i d  s e l e c t i v i t y  and pe r -  
formance sc reen ing  f o r  c a t a l y s t s :  c o r r e l a t i o n  o f  l a b o r a t o r y  r e s u l t s  
w i th  p rocess  pa rame te r s ;  and o p t i m i z a t i o n  o f  product  y i e l d  fo r  p l a n t  
p rocess  c o n d i t i o n s .  C a t a l y s t  s e l e c t i v i t y  and performance s c r e e n i n g  
w i l l  be  emphasized h e r e .  

A primary goa l  o f  c a t a l y s t  development f o r  d i r e c t  c o a l  l i q u e f a c -  
t i o n  i s  t o  maximize t h e  y i e l d  o f  d i s t i l l a t e  p roduc t s  wh i l e  minimizing 
t h e  convers ion  t o  by-product hydrocarbon g a s e s  which u n p r o f i t a b l y  
consume much o f  t h e  hydrogen. S e l e c t i v i t y  r e l a t i o n s h i p s  f o r  d i r e c t  
c o a l  l i q u e f a c t i o n  c a t a l y s t s  have been d i f f i c u l t  t o  de t e rmine  and 
a c c u r a t e l y  d e s c r i b e ,  n o t  o n l y  because of t h e  complexity of t h e  r e a c t i o n  
mix tu res ,  bu t  a l s o  because  o f  t h e  d i f f i c u l t y  o f  comparing t h e  r e s u l t s  
of exper iments  performed a t  d i f f e r e n t  times and t empera tu res  o r  wi th  
d i f f e r e n t  t y p e s  of reactors. Imprec is ion  i n  c o n t r o l  of expe r imen ta l  
v a r i a b l e s  such  a s  t empera tu re  and c o n t a c t  t i m e  o f t e n  c a u s e s  s i g n i f i c a n t  
d i f f e r e n c e s  i n  conve r s ions  f o r  exper iments  f o r  which t h e  mean v a r i a b l e s  
were des igned  t o  be nominal ly  t h e  same. Thus s e l e c t i v i t y  comparisons 
based  on convers ions  a t  c o n s t a n t  t i m e  and t empera tu re  a r e  n o t  e n t i r e l y  
r e l i a b l e .  

The approach t o  s e l e c t i v i t y  r e l a t i o n s h i p s  d e s c r i b e d  i n  t h i s  paper  
i s  based on 1) a t e r n a r y  p roduc t  d i s t r i b u t i o n  diagram wi th  a h y p e r b o l i c  
re 1 a t  i on  

between product  and by-product conve r s ions  and 2 )  a hydrogen consump- 
t i o n  diagram which r e l a t e s  t h e  p roduc t  convers ion  t o  t h e  f r a c t i o n  of 
hydrogen consumed by t h e  p roduc t ion  of hydrocarbon gases .  Each o f  
t h e s e  diagrams correlates,  on a s i n g l e  c u r v e ,  p roduct  d i s t r i b u t i o n s  
from r e a c t i o n s  carried o u t  o v e r  a wide range  of expe r imen ta l  pa ra -  
me te r s ,  i n c l u d i n g  t empera tu re ,  t i m e  and d i f f e r e n t  r e a c t o r s .  

waterman f i r s t  used t e r n a r y  product  d i s t r i b u t i o n  diagrams wi th  
r e a c t i o n  p a t h s  r e p r e s e n t e d  by 

x(1-x)  
y = a + b x  2 )  

* This  work suppor ted  by t h e  U . S .  Department o f  Energy. 
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t o  d e s c r i b e  t h e  c a t a l y t i c  hydro i somer i za t ion  o f  p a r a f f i n  wax (1) 
and la te r  demonst ra ted  t h e i r  a p p l i c a t i o n  t o  t h e  c h a r a c t e r i z a t i o n  o f  
many o t h e r  complex chemica l  p r o c e s s e s  ( 2 ) .  Although t h e  t echn ique  
has  been used  t o  d e s c r i b e  o t h e r  hydrogenat ion  p r o c e s s e s  ( 2 , 3 ) ,  a p p l i -  
c a t i o n  t o  d i r e c t  c o a l  l i q u e f a c t i o n  has been unexplored. The r e s u l t s  
and a n a l y s i s  of d i r e c t  c o a l  l i q u e f a c t i o n  expe r imen t s  d e s c r i b e d  i n  
t h i s  paper  demons t r a t e  t h e  g e n e r a l  a p p l i c a b i l i t y  o f  t e r n a r y  and 
hydrogen consumption d iagrams t o  s e l e c t i v i t y  tests f o r  c o a l  l i q u e -  
f a c t i o n  c a t a l y s t  development.  

EXPERIMENTAL 

Mater i a1 s 

L ique fac t ion  r e a c t i o n s  were performed wi th  I l l i n o i s  N o .  6 c o a l ,  
SRC-I1 heavy d i s t i l l a t e  from t h e  F t .  L e w i s  p i l o t  p l a n t  ( 1 : 2  coa1:so l -  
v e n t ,  by we igh t )  and h i g h  p u r i t y  hydrogen. An e x t e n s i v e l y  used 
commercial HDS c a t a l y s t ,  American Cyanamid 1 4 4 2 A ,  an alumina suppor ted  
CoMo fo rmula t ion ,  was t e s t e d  t o  e s t a b l i s h  b a s e - l i n e  s e l e c t i v i t y  
r e l a t i o n s h i p s .  T h e  c a t a l y s t  e x t r u d a t e s  w e r e  ground t o  a -200 mesh 
powder and added t o  t h e  r e a c t i o n  f e e d  s l u r r y  on a 5 weight pe rcen t  
coal b a s i s .  This  q u a n t i t y  o f  CoIBo/alumina was e q u i v a l e n t  t o  0.15% 
Co and 0.45% M o .  To t es t  t h e  u t i l i t y  of t h e  s e l e c t i v i t y  r e l a t i o n -  
s h i p s ,  a d d i t i o n a l  m i c r o r e a c t o r  exper iments  were performed w i t h  0.3% 
Mo a s  molybdenum naph thena te  ( 6 %  s o l u t i o n  o f  molybdenum i n  naph then ic  
a c i d ,  ob ta ined  from Research Organic/Research I n o r g a n i c ,  I n c . ) ,  a long  
wi th  a c o n t r o l  expe r imen t  w i t h  t h e  e q u i v a l e n t  amount o f  naphthenic  
a c i d  a lone .  

Apparatus and P rocedure  
3 Two t y p e s  o f  reactor sys tems w e r e  u t i l i z e d ,  30 cm b a t c h  micro- 

r e a c t o r s  ( 4 1 ,  and a o n e - l i t e r  a u t o c l a v e  ( 5 ) .  F o r  t h e  l o w  t o  moderate 
conve r s ion  range ,  microreactor exper iments  were performed a t  1000  
p s i g  c o l d  charge  hydrogen p r e s s u r e  and o v e r  a wide range  o f  t i m e s ,  
t = 0 .5  to  80  min, and t e m p e r a t u r e s ,  T = 350° t o  425OC. Two auto- 
c a l v e  exper iments  were conducted  a t  1000 p s i g  and 425OC f o r  30 and 
120 min t o  o b t a i n  d a t a  f o r  h igh  conve r s ions .  Temperatures and p res -  
s u r e s  were a c c u r a t e l y  r eco rded  d u r i n g  t h e  c o u r s e  o f  each  experiment.  
Following t h e  h e a t i n g  p e r i o d  o f  each  expe r imen t ,  t h e  r e a c t i o n  v e s s e l  
was quenched t o  ambient  t empera tu re ,  t h e  r e s u l t i n g  p r e s s u r e  was 
r e c o r d e d ,  a gas sample w a s  t a k e n ,  and t h e  p roduc t  s l u r r y  w a s  quan t i -  
t a t i v e l y  t r a n s f e r r e d  t o  a f l a s k  and subsampled f o r  a n a l y s i s .  

P roduc t  Ana lys i s  

G a s  samples w e r e  ana lyzed  f o r  mole p e r c e n t a g e s  o f  CO, CO , H S 
and C1-C4 hydrocarbons  w i t h  a Hewlett-Packard 5710A g a s  chromitoggaph, 
which was c a l i b r a t e d  w i t h  s t a n d a r d  m i x t u r e s  o f  hydrocarbon gases  and 
H S i n  hydrogen, o b t a i n e d  from Matheson G a s  Products .  Hydrogen i n  
tge samples was o b t a i n e d  by d i f f e r e n c e  a s  t h e  remainder o f  t h e  pro- 
d u c t  gas mixture .  T h e  q u a n t i t y  of each  g a s  produced w a s  c a l c u l a t e d  
from t h e  mole p e r c e n t  i n  t h e  g a s  sample and t h e  p o s t - r e a c t i o n  v e s s e l  
t empera tu re  T and p r e s s u r e  P u s i n g  an i d e a l  g a s  l a w  c a l c u l a t i o n :  

w = FW. ni 4 )  i 
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where n = number o f  moles o f  component i i 
f i  = mole f r a c t i o n  o f  i i n  t h e  gas  sample = mole % / l o 0  

v = gas  volume o f  r e a c t o r  
w. = weight  o f  i 

FWi = t h e  formula weight  o f  i 

Hydrogen consumed d u r i n g  t h e  r e a c t i o n  was o b t a i n e d  a s  t h e  d i f f e r e n c e  
between t h e  i n i t i a l  charge  and hydrogen remain ing  a f t e r  t h e  reactor 
w a s  quenched. 

The r e a c t i o n  p roduc t  s l u r r y  w a s  ana lyzed  f o r  i n s o l s ,  p reaspha l -  
t e n e s ,  a s p h a l t e n e s ,  and o i l s  by t e t r a h y d r o f u r a n  (THF) s o l u b i l i t y  and 
h igh  performance l i q u i d  chromatography (HPLC). A 0 . 2  gm subsample 
was mixed w i t h  about  50 m l  o f  THF, f i l t e r e d  t o  o b t a i n  t h e  we igh t  of 
i n s o l s ,  and brought  t o  100 m l  w i th  a d d i t i o n a l  THF. Chromatograms o f  
5 p i  a l i q u o t s  of t h e  f i l t r a t e  were o b t a i n e d  wi th  a Waters Assoc. 
Model 6000A s o l v e n t  d e l i v e r y  sys tem equipped  w i t h  a Model 4 4 0  uv 
absorbance d e t e c t o r .  S e p a r a t i o n s  o f  t h e  s o l u t i o n  i n t o  t h r e e , f r a c t i o n s ,  
p r e a s p h a l t e n e s ,  a s p h a l t e n e s ,  and o i l s ,  were e f f e c t e d  on 100 A micro- 
s y r a g e l  g e l  permeation columns. The uv absorbance  response  f a c t o r s  
fo r  t h e  p roduc t  s e p a r a t i o n s  were de termined  u s i n g  s t a n d a r d s  p repa red  
by d i s s o l v i n g  known amounts of p r e a s p h a l t e n e s ,  a s p h a l t e n e s  and o i l s  
o b t a i n e d  by s o x h l e t  s e p a r a t i o n  o f  whole l i q u i d  product  from p repa ra -  
t o r y  l i q u e f a c t i o n  exper iments  ( 6 ) .  Peak h e i g h t  measurement and 
response  f a c t o r s  w e r e  used t o  c a l c u l a t e  t h e  pe rcen tages  o f  p reaspha l -  
t e n e s ,  a s p h a l t e n e s  and o i l s  f o r  t h e  THF s o l u b l e  product .  A l l  y i e l d  
and convers ion  d a t a  were c a l c u l a t e d  on a d ry  mine ra l  m a t t e r - f r e e  
(dmmf) c o a l  b a s i s ,  which i n c l u d e d  a c o r r e c t i o n  f o r  t h e  conve r s ion  
of p y r i t e  con ten t  o f  t h e  c o a l  t o  p y r r h o t i t e .  

RESULTS AND DISCUSSION 

Process  Course and S e l e c t i v i t y  

Two t e r n a r y  diagrams of product/by-product d i s t r i b u t i o n s  f o r  t h e  
c o a l  l i q u e f a c t i o n  exper iments  p r e v i o u s l y  d e s c r i b e d  a r e  shown i n  
F i g u r e s  1 and 2.  Conversion d a t a  f o r  t h e  v a r i o u s  exper iments  a r e  
r e p r e s e n t e d  by t h e  fo l lowing  symbols-- 0 Co/Mo c a t a l y z e d ;  Mo-naph- 
t h e n a t e  c a t a l y z e d ;  and 0 naph then ic  a c i d  b lank .  In  F igu re  1, 
a s p h a l t e n e  convers ion  i s  p l o t t e d  a g a i n s t  o i l  convers ion  (both  w t  % 
dmmf b a s i s )  and i n  F i g u r e  2 ,  t h e  sum of mole p e r c e n t  o i l  and a spha l -  
t e n e  convers ion  i s  p l o t t e d  vs m o l e  p e r c e n t  hydrocarbon q a s  conver- 
s i o n .  Becawe of the l a r g e  d i f f e r e n c e  between molecular  weight  of  
gases  (CH t o  C H -- 16-58) and o t h e r  p roduc t s  ( e .g . ,  o i l s - -200  t o  
4 0 0 )  , t he lmole  behgent b a s i s  i s  used t o  more p r e c i s e l y  r e p r e s e n t  
t h e  t e r n a r y  diagrams invo lv ing  hydrocarbon gases .  For t h e  purpose  
o f  c a l c u l a t i n g  mole p e r c e n t a g e s ,  average  molecular  we igh t s  o f  2400, 
1200, 600 and 300 w e r e  assumed f o r  t h e  f r a c t i o n s  o f  I O M ,  p reaspha l -  
t e n e s ,  a s p h a l t e n e s  and o i l s .  These v a l u e s  approximate ly  co r re spond  
t o  t h e  middle of t h e  molecu la r  weight  d i s t r i b u t i o n  r anges  f o r  t h e s e  
f r a c t i o n s  (7). Moles o f  g a s e s  produced were expe r imen ta l ly  d e t e r -  
mined as p r e v i o u s l y  desc r ibed .  

F i g u r e s  1 and 2 i l l u s t r a t e  s e v e r a l  g e n e r a l  o b s e r v a t i o n s  which 
can be made about t h e  c o a l  l i q u e f a c t i o n  p rocess .  F i r s t ,  a l t hough  t h e  
l i q u e f a c t i o n  p rocess  i s  complex, i n v o l v i n g  myriad chemical s p e c i e s ,  
i ts c o u r s e  can be q u a n t i t a t i v e l y  d e s c r i b e d  by s imple  diagrams r e l a t i n g  
groups o f  compounds which r e a c t  i n  s i m i l a r  and p r e d i c t a b l e  manners. 
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These d iagrams may rough ly  be  cons ide red  t h e  k i n e t i c  ana log  o f  
e q u i l i b r i u m  phase  d iagrams i n  which t h e  number o f  components o f  a 
sys tem i s  t h e  smallest number o f  i ndependen t ly  v a r i a b l e  c o n s t i t u e n t s .  
The composi t ion  of t h e  l i q u e f a c t i o n  r e a c t i o n  mix tu re  i s  g iven  by the 
f r a c t i o n s  e x p l i c i t l y  r e p r e s e n t e d  by t h e  x and y axes ,  and a remainder  
p o r t i o n  r e p r e s e n t e d  by t h e  l e n g t h  o f  a h o r i z o n t a l  t i e  l i n e  from a 
p o i n t  on t h e  cu rve  t o  t h e  d i agona l  a x i s  c o n n e c t i n g  t h e  x and y axes .  
For F igu re  1, a s p h a l t e n e  and o i l  conve r s ion  are g iven  by t h e  y and x 
a x i s  and p r e a s p h a l t e n e ,  I O N  and gases  by t h e  t i e  l i n e .  Second, t h e  
hype rbo l i c  r e l a t i o n s h i p s  f o r  t h e  conve r s ion  o f  t h e  f r a c t i o n s  shown 
i n  t h e  f i g u r e s  r e p r e s e n t  un ique  r e a c t i o n  p a t h s  f o r  t h e .  Co/Mo c a t a l y z e d  
r e a c t i o n s ,  over a wide r ange  o f  o p e r a t i n g  cond i t ions - - t ime ,  tempera- 
t u r e  and r e a c t o r  t y p e .  Dev ia t ions  from t h i s  hyperbola  r e p r e s e n t  
c o n d i t i o n s  which change t h e  p r o c e s s  c o u r s e ,  f o r  example, t h e  o n s e t  
o f  competing p y r o l y s i s  r e a c t i o n s  a t  h igh  t empera tu res  which form coke  
and gas .  T h i s  i n d i c a t e s  t h a t  t h e  s e l e c t i v i t y  f o r  a c o a l  l i q u e f a c t i o n  
c a t a l y s t ,  w i t h  r e s p e c t  t o  product  groups ,  may b e  un ique ly  d e s c r i b e d  
by h y p e r b o l i c  r e l a t i o n s h i p s .  Support  f o r  t h i s  h y p o t h e s i s  is  g iven  by 
t h e  a n a l y s i s  o f  t h e  s e l e c t i v i t y  f o r  a set o f  t w o  u n i d i r e c t i o n a l ,  
consecu t ive  r e a c t i o n s  f o r  which t h e  s e l e c t i v i t y  may be d e s c r i b e d  by 
r e l a t i v e  c o n c e n t r a t i o n s  g iven  by h y p e r b o l i c  e q u a t i o n s  o f  one 
c o n s t a n t  ( 2 ,  8 ) .  

exempl i f i ed  by F i g u r e s  1 and 2 i s  t h a t  t h e y  may be  used t o  r a p i d l y  
s c r e e n  f o r  c a t a l y s t  s e l e c t i v i t y .  Once h y p e r b o l i c  r e l a t i o n s  are 
d e r i v e d  f o r  a b a s e l i n e  c a t a l y s t ,  t h e  s e l e c t i v i t y  o f  ano the r  c a t a l y s t  
may be screened  by comparison o f  i t s  product/by-product d i s t r i b u t i o n s  
f o r  one  o r  two expe r imen t s  w i th  t h e  hype rbo la  o f  t h e  b a s e l i n e  
c a t a l y s t .  I t  can be  s e e n  i n  F igu re  1 t h a t  t h e  p o i n t  f o r  t h e  M o  
naph thena te  expe r imen t  f a l l s  below t h e  cu rve  f o r  Co/Mo b u t  above t h e  
b lank  exper iment .  T h i s  i n d i c a t e s  t h a t  t h e  o r d e r  of a s p h a l t e n e  t o  o i l  
s e l e c t i v i t y  i s :  

Blank < Mo-naphthenate < Co/Mo. 

I n  F igu re  2 ,  t h e  sum of t h e  coal conve r s ion  p r o d u c t s ,  o i l s  and 
a s p h a l t e n e s  , a r e  p l o t t e d  a s  a f u n c t i o n  of unwanted by-product hydro- 
carbon gas conve r s ion .  Again, t h e  Mo-naphthenate p o i n t  f a l l s  between 
t h e  Co/Mo c u r v e  and t h e  b lank .  Thus Mo-naphthenate, a t  t h e  concen- 
t r a t i o n  used  i s  n o t  a s  s e l e c t i v e  f o r  a s p h a l t e n e  and o i l  convers ion  
as Co/Mo, b u t  does  promote a bet ter  product/by-product r a t i o  t h a n  
t h e  non-ca ta lyzed  exper iment .  

Hydrogen Consumption Diagram 

The u t i l i t y  o f  t e r n a r y  diagrams and h y p e r b o l i c  r e l a t i o n s h i p s  

Another u s e f u l  r e l a t i o n s h i p  developed t o  de t e rmine  t h e  e f f i c i e n c y  
or s e l e c t i v i t y  o f  a hydrogenat ion  c a t a l y s t  w i t h  r e s p e c t  t o  p r o c e s s  
hydrogen consumption i s  i l l u s t r a t e d  i n  F igu re  3 ,  a p l o t  of t h e  sum of 
o i l  and a s p h a l t e n e  conve r s ion  ( w t  % ,  dmmf) as a f u n c t i o n  o f  t h e  
f r a c t i o n  of hydrogen consumed by p roduc t ion  of  hydrocarbon gases  
( t h e  r a t i o  of  t h e  weight  o f  hydrogen i n  t h e  hydrocarbon gases  t o  t h e  
hydrogen consumed). Again,  a wide range  o f  expe r imen ta l  c o n d i t i o n s  
f o r  hydrogenat ion  of coal c a t a l y z e d  by  Co/Mo can be  r e p r e s e n t e d  by a 
s i n g l e  cu rve .  T h i s  diagram p rov ides  a more s i g n i f i c a n t  s e l e c t i v i t y  
t e s t  than  t h e  h y p e r b o l i c  c o r r e l a t i o n s  i n  t h a t  i t  r e l a t e s  d i r e c t l y  t o  
a primary g o a l  of  c a t a l y s t  development fo r  d i r e c t  c o a l  l i q u e f a c t i o n - -  
maximizing the  y i e l d  of d i s t i l l a t e  p r o d u c t s  w i th  r e s p e c t  t o  hydrogen 
consumption. F i g u r e  3 i l l u s t r a t e s  t h a t  hydrogenat ion  e f f i c i e n c y  o f  
Co/Mo-catalyzed conve r s ion  o f  c o a l  t o  o i l  and a s p h a l t e n e s  s h a r p l y  
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d e c r e a s e s  above conve r s ions  o f  about  80%. P o i n t s  r e p r e s e n t i n g  
exper iments  f o r  o t h e r  c a t a l y s t s  f a l l i n g  below t h e  Co/Mo cu rve  i n d i -  
cate t h a t  t h e s e  c a t a l y s t s  are less e f f i c i e n t  t han  Co/Mo w i t h  r e s p e c t  
t o  hydrogen consumption. The p o i n t  r e p r e s e n t i n g  t h e  Mo-naphthenate 
experiment f a l l s  close t o  t h e  Co/Mo cu rve  i n d i c a t i n g  an e f f i c i e n c y  
n e a r l y  e q u a l  to  Co/Mo, wh i l e  t h e  b lank  exper iment  (naph then ic  a c i d )  
shows t h a t  non-catalyzed c o a l  convers ion  i s  much less e f f i c i e n t  i n  
hydrogen consumption. 
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F i g u r e  3 .  Hydrogen consumption diagram f o r  d i r ec t  
c o a l  l i q u e f a c t i o n  exper iments .  Curve 
r e p r e s e n t s  Co/Mo c a t a l y z e d  exper iments .  
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